This information has not been peer-reviewed. Responsibility for the findings rests solely with the author(s). revealed both HW and GW from India to be significantly diverse from other wolf populations globally and showed that these represent the most ancient lineages among them. Phylogenetic analysis revealed the Indian wolves as two independent lineages in a clade distinct and basal to the clade of all wolves from outside of India. Conservative estimate of evolutionary timespan suggests more than one million years of separation and independent evolution of HW and GW. We hypothesize that Indian wolves represent a post-jackal pre-wolf ancestral radiation that migrated to India about 1-2 mya and underwent independent evolution without contamination from other wolf like canids. The study thus, suggests that Indian subcontinent had been one major center of origin and diversification of the wolf and related canids.
Introduction
The gray wolf, Canis lupus, is believed to be the most widely distributed terrestrial mammal that ever lived on earth at one time point [1] , originally inhabiting major parts of the Northern hemisphere. From being omnipresent and abundant, it has assumed endangered species status in many countries. In most parts of Southern, Western and Northern Europe and Americas, major gray wolf populations are lost and their present distribution is highly fragmented [2] . In England and Japan, it has already become extinct while in many other parts it is on the verge of extinction [3] .
The wolves are now restricted to few large forested areas in Eastern Europe, a few isolated mountain ranges in the Mediterranean, mountains and semi-desert areas of middle-East and the wilderness areas of North America, Russia and China, with largest concentrations in Russia followed by Canada and Alaska [cf. 4] . Therefore, serious efforts have been initiated in Europe and America for protection and conservation of the existing wolf populations in recent years.
In the last century, up to 32 sub-species of gray wolf have been described by wolf taxonomists, based on the variations in physical features, behavioral aspects and geographical distribution, many of which are now believed to be extinct [4, 5] . Status of many of these subspecies is contested eg., subspecies campestris, chanco and desertorum are suggested to be synonymous of subspecies lupus [6] , making the gray wolf taxonomy highly debatable pending validation and revision. Presently, only six subspecies viz., lupus, campestris, albus, tundaram, lycaon and nubilus, are believed to be surviving globally, and only the first two being in Asia [4] . In recent years, though many moleculargenetic studies were carried out to understand the origin and evolution of canidae family [7, 8 and cf. therein; 9) and also on the population dynamics of isolated, specific gray wolf populations [3, [10] [11] [12] , similar studies to resolve the largely debatable gray wolf taxonomy at the subspecies level are generally lacking. The two detailed studies on the latter aspect based on mitochondrial genome variations (mtDNA d-loop haplotyping) show little genetic partitioning on the continental or regional scales [13, 14] .
In Indian subcontinent, wolf is known to exist for a longtime but not much is known about its origin and evolutionary history. Generally, as per the conventional taxonomy, it is believed that the small numbers of wolves found in today's India, are two different sub-species of Canis lupus which are represented by geographically isolated broadly non-overlapping (allopatric) populations. One of these wolf populations is found only in the upper Trans-Himalayan region of India across the two Northernmost states of Himachal Pradesh and Jammu and Kasmir, which as per the available census numbers ~ 350 individuals [15] . This Himalayan wolf (HW) population, adapted to the cold environment, is considered to be representing the extant population (direct relatives) of the relatively better known Tibetan wolf, Canis lupus chanco, which is found throughout central Asia with its range extending into Tibet, China, Manchuria and Magnolia [15] . On the other hand, the second wolf population estimated to be less then 1500
(http://www.wolf.org/wolves/learn/basic/populations/fall99insert.asp), is found throughout the arid /semi-arid plains of pennisular India. These wolves, commonly called Indian gray wolf (GW), are believed to represent the second sub-species in India, i.e., C. lupus pallipes that is also found in the middle-Eastern countries like Iran and Israel [16] . The wolf in India are accorded schedule '1' endangered species status under the Indian Wildlife Protection Act of 1972 and of CITES, and in last few decades federal efforts were initiated for wolf protection and conservation by setting up wildlife preserves in the country and captive breeding programs in few National Zoological Parks.
Since early 1970s, to help the conservation efforts few studies were also initiated to understand the ecology and population biology of wolves, but all of these were on GW of peninsular India Many features of mtDNA viz., high mutation rate than nuclear genome; uniparental (maternal) inheritance, high copy number and lack of recombination, makes it the biological material of choice for mirroring the evolutionary past of a species. Moreover, the mtDNA diversity can be efficiently used to infer both, relatively recent as well as ancient evolutionary events by selectively analyzing selection-pressure independent (d-loop control region) or dependent (essential functional genes like cytochrome-B) domains. These attributes made mtDNA analysis a powerful tool in the molecular systematics pursuits, which in recent years has extensively and successfully been utilized to understand the population history, phylogeography and taxonomic relationships of a large number of animal species. Our present day understanding of origin, evolution and taxonomy of wolf and related canid species is largely based on mtDNA polymorphism analysis [8, 9, 14, 18] .
It is in this background; in 1998 we initiated molecular characterization studies on the highly endangered HW to understand their genetic structure and taxonomic status relative to the GW and other wolf-like canids from Pennisular India and wolf populations from rest of the world. Our detailed mitochondrial DNA polymorphism studies on a large number of HW and representative samples of GW, jackal and wild dog of India followed by comparative genomics with information available for world-wide wolf populations have led to some novel and startling findings about the origin and evolution of wolves of India. Significantly, our studies suggest that: a) both the Indian wolf populations are genetically unique within themselves and both of them from all other wolf populations recorded world-wide; b) HW is distinct from the purported similar wolf from China, C.
lupus chanco, and represent the most ancient wolf lineage ever recorded and analyzed using molecular means; c) similarly, GW is distinct from the purported similar wolves from South-East Asia, C. lupus pallipes, and probably also represent the other ancient wolf lineage from India; d) each of the two wolf populations from India thus represents a case of new wolf species in evolution waiting to be re-christened; e) Indian subcontinent as one ancient center of wolf origin and diversification, wherein the two wolf populations represent wolf/canid lineages derived from an ancestral wolf radiation that underwent evolution independent from other world wolf populations for the last 1-2 mya. Thus, our results increase the biological significance of the Indian canid populations and warrants urgent and effective conservation measures for their protection and management.
Materials and Methods

Study sample
The HW population is estimated to be of ~350 animals in the wild, spread over an area of 70,000 km 2 encompassing the Trans-Himalayan region of Jammu and Kashmir and Himachal Pradesh [15] .
Apart from these animals in the wild, there are a total of only 21 live animals in four of the Zoological Parks of India [19] . Most of these animals are captive bred from few wild caught animals from the Transhimalayan region. In the present study we analyzed 18 of these animals available in the Padmaja Naidu Himalayan Zoological Park, Darjeeling, West Bengal. In addition to these animals, we analyzed wild caught representative samples of related canids from middle India viz. gray wolf (originally caught from three widely separated geographical regions in middle India), wild dog and Indian jackal, available in the Nehru Zoological Park, Hyderabad, Andhra Pradesh and Sakkarbaug Zoo, Junagarh, Gujarat (Table 1) .
DNA isolation
From each animal, ~10 ml blood was drawn using vaccutainers having EDTA as anti-coagulant and transported from the Zoo to the laboratory at room temperature where the same were stored at 4 0 C till further use. The total genomic DNA was isolated from each of the samples following the lysisfreeze fracture method [20] for molecular analysis.
DNA amplification and sequencing for nucleotide diversity/ DNA polymorphisms
To understand the genetic status of HW in relation to other related canids from India and other parts of the world, nucleotide diversity was ascertained for three taxonomically informative domains of the mitochondrial genome. These included, part of cytochrome-B gene, complete cytochrome-B gene for few representative samples, hypervariable d-loop control region and 16S rDNA. In each case, the target mitochondrial sequences were PCR amplified using standard protocols on PE9600
thermocycler. The PCR reactions were set using approximately 50 ng of template genomic DNA in 15-20 µl reaction volume containing: 5 pico-moles of each primer, 150 µM dNTP, 1.5 mM MgCl 2 , 0.1 M KCl, 20 mM Tris-HCl, and 0.5 to 1.0 U of AmpliTaq Gold polymerase (Perkin Elmer). In general, PCR profile comprised an initial denaturation of 10 min at 95°C, followed by 35 cycles of:
94°C for 1 min., 50-55°C for 1 min., 72°C for 2 min.; and 72°C for 5 min. The PCR products were treated with exonucleaseI and shrimp alkaline phosphatase at 37ºC and 80ºC, 15 min each to remove the remaining primers and free nucleotides. Subsequently, the purified PCR products (~100 ng) were sequenced for both strands using the Big dye terminator ready reaction kit (Perkin Elmer).
Further, to confirm sequence data, many of the samples were sequenced more than once.
Sequencing PCR cycle condition were: 30 cycles of 96ºC for 10 sec., 50ºC for 5 sec. and 60ºC for 4 min. Extended products were purified by alcohol precipitation followed by washing with 70%
ethanol. The processed samples were then dissolved in loading dye and sequenced using automated DNA sequencer ABI Prism377 or ABI Prism3700. Sequences were edited using auto-assembler software package for further analysis. [23] for all the 27 samples analyzed in the study.
EMBL databse sequences for comparative analysis
The Genbank database (National Center for Biotechnology Information, USA: NCBI Home page http://www.ncbi.nlm.nih.gov) was searched for similar sequences using BLAST search. Based on the search, large number of reference mitochondrial DNA sequences described for wolf and other samples from all over the globe across all the continents. In comparison, there were only few wolf reference sequences specific to cyto-B gene and none for 16S ribosomal DNA. Accordingly, for these two mitochondrial domains reference sequences were from related canid genera/species.
Data analysis
The sequences obtained in the study were aligned with corresponding reference sequences from the nucleotide frequencies in present day sequences and also unequal transitions/transversion rates. The distance estimates were used to construct phylogenetic trees using neighbor joining (NJ) and UPGMA methods [32] [33] [34] . The phylogenetic analysis of the character-state matrices (aligned sequence data) was also carried out using the maximum-parsimony and maximum-likelihood approaches and Kimura 2-parameter with gamma correction. Support for nodes found on the shortest tree was assessed by bootstrap analysis [35] .
The phylogenetic trees based on mtDNA d-loop polymorphisms, were rooted using Indian jackal, which represent one of the nearest outgroup species of gray wolf in the Canis genus [8] . Initially, raccoon dog and fox, the two distant canid relatives of wolf (Table 2) were also used for comparison, but were not used in final analysis. Similarly, for 16S rDNA based analysis also Indian jackal was used as an outgroup taxa, as the corresponding data was not available for any other canid in the EMBL database. In comparison, no particular outgroup was defined in the cytochrome-b gene based analysis, as the genetic status of wolf is well defined in relation to the other canids and the purpose of the study was only to define the place of Indian wolves relative to the wolf from elsewhere.
The corrected Kimura distance estimate observed for HW-GW pair wise comparisons of cytochrome-B sequence data were used to derive the estimate of evolutionary time separating the two, using the conservative estimates of sequence divergence rates reported for canid mtDNA divergence [8].
Results and Discussion
Molecular genetic assessments have become necessary and important guides for description of biotic diversity and its management. This is so because the conventional taxonomy might fail to recognize phylogenetically distinct forms, misdirecting the conservation efforts for endangered species for protecting biological diversity [36] . The complete 1140 bp sequencing of the mitochondrial cytochrome-B gene also revealed similar divergence between HW and GW and HW to be more near to jackal (Figure 2b ).
16S rDNA
Sequencing of ~550 bp of the mitochondrial 16S rDNA revealed relatively low variation among all the 27 samples. Only 32 nucleotides were found to be polymorphic and informative. EMBL database search didn't reveal similar sequences for the reference wolf populations, and thus detailed phylogenetic analysis was not done. Nevertheless, the data were analyzed for the samples sequenced in the study that revealed the broad generic affinities of HW and GW to the jackal /dog clad and these being very divergent from the wild dog Cuon alpines (data not shown).
D-loop control region
Sequencing of complete D-loop analysis revealed a very large number of substitutions and indels specific to HW and GW compared to all other wolf haplotypes documented world-wide, all across the 5`CR-I, hypervariable repetitive domain as well as relatively conserved 3`-CR-II region.
In general, the d-loop CR-I region was found to be most informative in ascertaining the genetic status of the Indian wolf types (HW and GW) because of the availability of the corresponding data for other wolf types from outside India. The sequence comparison and phylogenetic analysis of the CR-I polymorphism over its varying lengths established Indian wolves not only to be genetically very distinct from all others wolves but also forming a non-overlapping separate clade basal to the whole phylogenetic tree of world-wide wolves, more closer to the Jackal used as outgroup canid species in the study (Figures 3-6 ). This genetic differentiation was overwhelmingly evident in the large number of unique sequence polymorphisms revealed in HW and GW sequences. When compared to all other reported haplotypes over 655 bp of the CR-I region, we found 2 deletions (comprising 6 bp), 1 transition (C>T) and 1 transversion (G/A>T) unique to both HW and GW. In addition, there were 12 transitions (4 G>A, 3 T>C, 5 C>T) and 2 deletions specific to the HW, and 8 transitions (5 C>T, 2 T>C, 1 G>A) specific to GW. All the 18 HW samples were represented by only one haplotype (HW-India) whereas there were two haplotypes seen for GW samples (GW-1, GW-2) differing in only one transition.
The repetitive domain of the d-loop control region was found to be highly variable for all the samples of HW, GW and Indian jackal sequenced in the study. The variation was seen both in the number of repeats as well as due to extensive intra-individual heteroplasmy for specific nucleotides Similar to CR-1 region, many variations in the 300 bp CR-II region were found unique for HW and GW when compared to the few corresponding haplotypes reported earlier studies. There was only one haplotype for all the samples of HW and similarly one in case of GW. There were three transitions (1 C>T, 1 A>G, 1 G>A) and one transversion (A>C) unique to HW haplotype and one 4-bp indel (TATA) and one transition (T>C) unique to the GW haplotype when compared to the eight other haplotypes documented in earlier studies.
Phylogenetic analysis and uniqueness of Indian wolves
Phylogenetic analysis done using different character state (ML, MP) and distance (NJ) approaches for all the three types of mitochondrial DNA sequences analyzed in the study revealed almost identical tree topologies with little variation, if any, in branch lengths and/or finer arrangements in a given cluster. Significantly, in all the analyses, the two Indian wolf types (HW and GW) turned out comprising all other wolf haplotypes, clearly indicating these to be the derivatives of an more ancient independent wolf radiation.
Significantly, both HW and GW were found to carry significant d-loop polymorphism that was not seen in both of their corresponding purported sub-species of C. lupus i.e., chanco and pallipes, respectively. Indian HW analysed in the study, which has been referred in published literature as 
Possible origin of HW and GW of India
All the three types of data strongly suggest HW to represent one of the oldest wolf lineage that was followed by the one that gave rise GW. These two lineages were revealed to be distinct from the third seemingly more recent lineage leading to a broad loosely structured clade comprising all other global wolf populations. It was noteworthy that in all the phylogenetic reconstructions tested in the study, both the lineages specific to Indian wolves appear together in a genetically distinct completely separate monophyletic clade with no overlap with any of the haplotypes of the above referred other broader clade for wolves from rest of the world. These results suggest that Indian wolves represent a relic ancestral lineage of wolf that evolved in isolation for a very long time from the evolutionary lineage that is represented by all other wolves from outside India. The estimates of evolutionary time based on rate of sequence divergence suggest ~1.5 mya of age for the lineage that resulted in the HW and GW clade. 
Conservation Significance
Molecular genetic information can be of considerable value in appraisal of phylogenetic discontinuities within and among species. Taxonomies based on morphological traits alone sometime provide inadequate or misleading guides to phylogenetic distinctions but still remain central to our perceptions of biotic diversity including recognition of endangered forms/species. The above concerns are vastly vindicated by the present study that conclusively discounts the currently believed taxonomic status of Indian wolves based on conventional systematics. Neither HW nor GW shares any haplotypic similarity with the purported sub-species of C. lupus i.e., chanco and pallipes, which the two are believed to represent. On the contrary, the genetic diversity analyzed in the present study demonstrates these to be genetically unique to the level of almost new species/sub-species in evolution. These novel findings greatly enhance the biological significance of these already endangered Indian wolf populations and calls for urgent reorientation and prioritization of conservation efforts for their protection and management. Simultaneously, the study reinforces the need for more exhaustive efforts to update and redefine the already complex and debated wolf taxonomy. [36] Avise JC: A role for molecular genetics in the recognition and conservation of endangered species. TREE 1989, 4: 279-281.
[37] Tautz [48] Savolainen P, Arvestad L, Lundeberg J: Mitochondrial DNA tandem repeats in Russian wolf (only repeat region). As per EMBL entries, 1999. Miminum-maximum substitutions Median (Mode) substitutions
Legends to the figures
13 (13) 17 (17) 18 ( Himalayan wolf (n=18), India GW-1 (Gray wolf; n=4), India GW-2 (Gray wolf; n=1), India Reference taxa are as per codes in Table- 3.
0.01
12-Wo4 Himalayan wolf (n=18), India GW-2 (Gray wolf; n=1), India GW-1 (Gray wolf; n=4), India Table- 3.
Indian jackal (n=2) Himalayan wolf (n=18), India GW-2 (Gray wolf, n=1), India 12-Wo4 
